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Summary
Systems biology plays a central role for biological network analysis in the post-genomic
era. Cytoscape is the standard bioinformatics tool offering the community an extensible
platform for computational analysis of the emerging cellular network together with exper-
imental omics data sets. However, only few apps/plugins/tools are available for simulat-
ing network dynamics in Cytoscape 3. Many approaches of varying complexity exist but
none of them have been integrated into Cytoscape as app/plugin yet. Here, we introduce
PetriScape, the first Petri net simulator for Cytoscape. Although discrete Petri nets are quite
simplistic models, they are capable of modeling global network properties and simulating
their behaviour. In addition, they are easily understood and well visualizable. PetriScape
comes with the following main functionalities: (1) import of biological networks in SBML
format, (2) conversion into a Petri net, (3) visualization as Petri net, and (4) simulation and
visualization of the token flow in Cytoscape. PetriScape is the first Cytoscape plugin for
Petri nets. It allows a straightforward Petri net model creation, simulation and visualiza-
tion with Cytoscape, providing clues about the activity of key components in biological
networks.
1 Introduction
Unraveling and modeling the behavior of biochemical interactions between biological entities
(genes, metabolites, proteins, RNAs, etc.) is crucial for our understanding of cell behavior infer-
ence and one of the main objectives in modern systems biology. We nowadays have millions of
such interactions publicly available for computational analysis (the PSICQUIC protein-protein
interaction querying service may serve as one example here; it offers >16 million interac-
tions [1]). Such data can be visualized and analyzed with computational systems biology tools.
*To whom correspondence should be addressed. Email: jan.baumbach@imada.sdu.dk
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The most popular one is Cytoscape [2]. It offers a set of standard functions for network vi-
sualization and an app store for bioinformatics data analysis tools, which cover thousands of
different software solutions in various categories for combining networks with different kinds
of omics data types [3]. While many apps for static network analysis exist, only few concen-
trate on modeling network dynamics, biochemical information or regulation flow through the
network. This is important for our understanding of biology but may also result in potential
medical and biotechnological applications [4, 5].
One useful methodology in biological network simulation are Petri nets (PNs). PNs can be
applied to different classes of biological networks such as metabolic networks [6], gene regu-
latory networks [7], or signal transduction networks [8]. PNs were introduced by Adam Petri
in 1966 [9] for studying concurrent systems. Their flexibility allows utilizing them for mod-
eling the dynamics of biological networks of various kinds [6, 10]. PNs are bi-partite graphs
consisting of two sets of nodes called places or transitions, and a set of edges called arcs. In
a biological context, a place represents molecular unit (such as proteins, metabolites, genes).
Arcs connect places via transitions, which represent a biochemical reaction. Places receive
and lose tokens representing the state/behavior/activity of a certain place (e.g. molecular con-
centration, expression level). PNs can be modeled continuous, stochastic, or discrete; or in a
hybrid way [11]. One big advantage of PNs is their intuitive interpretability and the possibility
to dynamically visualize them. In the light of Cytoscape, this allows for a conversion of ex-
isting metabolic networks into Petri nets along with the visual analysis and simulation of the
underlying biochemical reactions on a global systems view [8].
PNs proved useful in simulating and validating biological network models. Corresponding soft-
ware, like Cell Illustrator [12], SNOOPY [13] and MoVisPP [14], have been established. Some
example applications: Koch et al. simulated a discrete PN modeling sucrose metabolism in
potato tuber and validated its’ results with sucrose breakdown data, using invariant analysis [6].
In the same way, Grunwald et al. make use of a combination of invariant analysis and cluster-
ing for studying the regulatory process of the Duchenne muscular dystrophy [7]. Sackmann et
al. demonstrate how qualitative Petri nets can be used for simulating the flow of biochemical
signals through signal transduction networks, and how this can be applied to predict wet lab
targets for future knockout experiments [8].
Bioinformatics Petri net analysis tools were used for all these analysis, but the standard bioin-
formatics tool for systems biology data processing and biological network analysis, Cytoscape,
was not used, as no Petri net app/plugin was available. We account for this gap and introduce
PetriScape, the first computational tool for creating and analyzing Petri nets in Cytoscape. Our
app allows the user to create networks from SBML files, visualize them in Cytoscape, and to
simulate and visualize the token flow through this network inside Cytoscape. In the additional
material, we provide examples files (additional files 2-5) and technical details, as well as step-
by-step instructions on how to install and utilize PetriScape, and on how to apply it to four
example networks (additional file 1).
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2 Methods
2.1 Implementation
With PetriScape, we introduce an easy way to perform discrete network flow simulations with
Petri net models directly inside Cytoscape. The well-defined Petri net graphic formalism in-
tegrated with the Cytoscape network editor allows the creation of simple models. It also al-
lows network editing (insertion or deletion of places, transitions, or arcs, and token editing
on places) on the fly during the simulation. Petri nets can be created in two ways aided by
PetriScape. (1) Manually: Petri nets can be created from scratch by using the Cytoscape ed-
itor and subsequent editing the network. Thereby node labels will be set to classify nodes as
places or transition and to assign them an initial token distribution. See additional file 1 for
technical details. (2) SBML import: PetriScape comes with a SBML file to Petri net converter.
In the supplement, we gives details and example workflow including screenshots exemplarily
for four networks (three from Biomodels Database [15], IDs´: 1308080002, 1403120000 and
1403040000, as well as the glucose metabolism from Reactome [16, 17]).
2.2 Transition Dynamics
We have adopted the discrete Petri net modeling approach [18]. The tokens and arc weights
are assigned integer values based on the user input. Transitions fire in parallel. Conflicting
transitions fire in the order of a user-given priority (or in a random order if cases of no given
or an equal priority). Transitions lacking input-places always fire, also known as interfaces.
The firing rules take into account the number of tokens on the input places and the incoming
arc weight. Every transition, if firing, consumes a number of tokens from all input places that
is equivalent to the arc’s edge weight that connects the two. A transition fires only if enough
tokens have accumulated on the input places. After all active transitions have consumed their
input tokens, tokens are emitted to the output places in accordance to the outgoing arc’s edge
weights and a corresponding number of tokens will be added to the target places.
2.3 SBML Data Conversion
PetriScape can convert SBML files into Petri nets and visualize them in Cytoscape as graphs.
Reactions are converted to transitions and reactants or products to places. Arc weights are set
up according to stoichiometry values (as given, for instance, by the Biomodels Database). Here,
the initial token distribution is created according to the species initial amount tag value from
the SBML file. PetriScape uses the JBSML API [19] for XML file parsing.
2.4 Visualization
PetriScape creates a Petri net visual style. Places are represented with circles, transitions by
squares, and arcs by directed arrows. The token concentration on places and the activity of
doi:10.2390/biecoll-jib-2016-284 3
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Figure 1: Screen shot of PetriScape plugin after simulating ten steps of the gene regulatory net-
work modeling Duchenne muscular distrophy (previously used by Grunwald et al., taken from
Biomodels Database ID: 1403120000. Transitions were colorized in a green range according to
the times that they were fired. Places were colorized in red in accordance to their relative token
amount
transitions (over a user-given number of rounds) are represented by a color gradient (red and
green, respectively). Figure 1 shows how PetriScape looks like after simulating ten rounds of
the gene regulatory network model used by Grunwald and colleagues to study the Duchenne
muscular distrophy [7], taken from Biomodels Database ID: 1403120000.
3 Conclusion
PetriScape is the first plugin for Petri net simulations in Cytoscape 3. It allows the user to create
a Petri net model and visualize it with Cytoscape. It further allows to simulate the discrete Petri
nets and to visualize this process. PetriScape provides an intuitive user interface. It will help
to generate hypothesis regarding the activity of key components in biological process. Thus, it
has the potential to motivate more biologists to apply Petri net models for quantitative analyses
of biochemical networks, such as gene regulatory networks [20, 21], for instance.
The software is available at: http://apps.cytoscape.org/apps/petriscape
doi:10.2390/biecoll-jib-2016-284 4
C
op
yr
ig
ht
20
16
T
he
A
ut
ho
r(
s)
.P
ub
lis
he
d
by
Jo
ur
na
lo
fI
nt
eg
ra
tiv
e
B
io
in
fo
rm
at
ic
s.
T
hi
s
ar
tic
le
is
lic
en
se
d
un
de
ra
C
re
at
iv
e
C
om
m
on
s
A
ttr
ib
ut
io
n-
N
on
C
om
m
er
ci
al
-N
oD
er
iv
s
3.
0
U
np
or
te
d
L
ic
en
se
(h
ttp
://
cr
ea
tiv
ec
om
m
on
s.
or
g/
lic
en
se
s/
by
-n
c-
nd
/3
.0
/)
.
Journal of Integrative Bioinformatics, 13(1):284, 2016 http://journal.imbio.de/
4 Author contributions
Diogo M. Almeida designed the software. Vasco Azevedo and Artur Silva provided the test
data and help analyzing it. Jan Baumbach supervised the project and contributed to writing and
result evaluation. All authors equally contributed to writing the manuscript.
5 Competing interests
The authors declare that they have no competing interests.
6 Grant information
Diogo M. Almeida is grateful for financial support from the Coordenac¸a˜o de Aperfeic¸oamento
de Pessoal de Nı´vel Superior (CAPES). Jam Baumbach is grateful for financial support from
the SDU eScience center.
References
[1] B. Aranda, H. Blankenburg, S. Kerrien et al. PSICQUIC and PSISCORE: accessing and
scoring molecular interactions., 2011.
[2] R. Saito, M. E. Smoot, K. Ono, J. Ruscheinski, P.-L. Wang, S. Lotia, A. R. Pico, G. D.
Bader and T. Ideker. A travel guide to Cytoscape plugins. Nature methods, 9:1069–76,
2012.
[3] N. Alcaraz, T. Friedrich, T. Ko¨tzing, A. Krohmer, J. Mu¨ller, J. Pauling and J. Baumbach.
Efficient key pathway mining: combining networks and omics data. Integrative Biology,
4(7):756–764, 2012.
[4] J. O. Dada and P. Mendes. Multi-scale modelling and simulation in systems biology.
Integrative biology: quantitative biosciences from nano to macro, 3:86–96, 2011.
[5] N. Alcaraz, H. Ku¨cu¨k, J. Weile, A. Wipat and J. Baumbach. Keypathwayminer: detecting
case-specific biological pathways using expression data. Internet Mathematics, 7(4):299–
313, 2011.
[6] I. Koch, B. H. Junker and M. Heiner. Application of Petri net theory for modelling and
validation of the sucrose breakdown pathway in the potato tuber. Bioinformatics (Oxford,
England), 21:1219–1226, 2005.
[7] S. Grunwald, A. Speer, J. Ackermann and I. Koch. Petri net modelling of gene regulation
of the Duchenne muscular dystrophy. BioSystems, 92:189–205, 2008.
doi:10.2390/biecoll-jib-2016-284 5
C
op
yr
ig
ht
20
16
T
he
A
ut
ho
r(
s)
.P
ub
lis
he
d
by
Jo
ur
na
lo
fI
nt
eg
ra
tiv
e
B
io
in
fo
rm
at
ic
s.
T
hi
s
ar
tic
le
is
lic
en
se
d
un
de
ra
C
re
at
iv
e
C
om
m
on
s
A
ttr
ib
ut
io
n-
N
on
C
om
m
er
ci
al
-N
oD
er
iv
s
3.
0
U
np
or
te
d
L
ic
en
se
(h
ttp
://
cr
ea
tiv
ec
om
m
on
s.
or
g/
lic
en
se
s/
by
-n
c-
nd
/3
.0
/)
.
Journal of Integrative Bioinformatics, 13(1):284, 2016 http://journal.imbio.de/
[8] A. Sackmann, M. Heiner and I. Koch. Application of Petri net based analysis techniques
to signal transduction pathways. BMC bioinformatics, 7:482, 2006.
[9] C. A. Petri. Communication with automata. Ph.D. thesis, Universita¨t Hamburg, 1966.
[10] C. Chaouiya. Petri net modelling of biological networks. Briefings in bioinformatics,
8:210–219, 2007.
[11] M. Heiner, D. Gilbert and R. Donaldson. Petri nets for systems and synthetic biology. In
Formal methods for computational systems biology, pages 215–264. Springer, 2008.
[12] M. Nagasaki, A. Saito, E. Jeong, C. Li, K. Kojima, E. Ikeda and S. Miyano. Cell illustrator
4.0: a computational platform for systems biology. In silico biology, 10(1, 2):5–26, 2010.
[13] M. Heiner, M. Herajy, F. Liu, C. Rohr and M. Schwarick. Snoopy - a unifying petri net
tool. In Application and Theory of Petri Nets, pages 398–407. Springer, 2012.
[14] S. Hariharaputran, R. Hofesta¨dt, B. Kormeier and S. Spangardt. Moodeling and visualiza-
tion of pathways using petri nets. In The Sixth international Conference on Bioinformatics
of Genome regualtion and structure, page 96. 2008.
[15] C. Li, M. Donizelli, N. Rodriguez et al. BioModels Database: An enhanced, curated and
annotated resource for published quantitative kinetic models. BMC systems biology, 4:92,
2010.
[16] M. Milacic, R. Haw, K. Rothfels, G. Wu, D. Croft, H. Hermjakob, P. D’Eustachio and
L. Stein. Annotating cancer variants and anti-cancer therapeutics in reactome. Cancers,
4:1180–211, 2012.
[17] D. Croft, A. F. Mundo, R. Haw et al. The Reactome pathway knowledgebase. Nucleic
Acids Research, 42, 2014.
[18] R. Hofesta¨dt and S. Thelen. Quantitative modeling of biochemical networks. In Silico
Biology, 1(1):39–53, 1998.
[19] A. Dra¨ger, N. Rodriguez, M. Dumousseau, A. Do¨rr, C. Wrzodek, N. Le Nove`re, A. Zell
and M. Hucka. JSBML: a flexible Java library for working with SBML. Bioinformatics
(Oxford, England), 27:2167–2168, 2011.
[20] J. Baumbach. On the power and limits of evolutionary conservation - unraveling bacterial
gene regulatory networks. Nucleic acids research, page gkq699, 2010.
[21] J. Baumbach and L. Apeltsin. Linking cytoscape and the corynebacterial reference
database coryneregnet. BMC genomics, 9(1):184, 2008.
[22] D. Gilbert, M. Heiner, S. Rosser, R. Fulton, X. Gu and M. Trybilo. A Case Study
in Model-driven Synthetic Biology. In H. Hinchey, Mike and Pagnoni, Anastasia and
Rammig, FranzJ. and Schmeck (editor), Biologically-Inspired Collaborative Computing,
pages 163–175. Springer US, 2008.
doi:10.2390/biecoll-jib-2016-284 6
C
op
yr
ig
ht
20
16
T
he
A
ut
ho
r(
s)
.P
ub
lis
he
d
by
Jo
ur
na
lo
fI
nt
eg
ra
tiv
e
B
io
in
fo
rm
at
ic
s.
T
hi
s
ar
tic
le
is
lic
en
se
d
un
de
ra
C
re
at
iv
e
C
om
m
on
s
A
ttr
ib
ut
io
n-
N
on
C
om
m
er
ci
al
-N
oD
er
iv
s
3.
0
U
np
or
te
d
L
ic
en
se
(h
ttp
://
cr
ea
tiv
ec
om
m
on
s.
or
g/
lic
en
se
s/
by
-n
c-
nd
/3
.0
/)
.
